Abstract-The application of isothermal amplification technologies is rapidly expanding and currently covers different areas such as pathogen detection and SNP genotyping. Meanwhile, many of such technologies have complex reaction processes and often require a fine-tuned primer set where existing primer design tools are not sufficient. We have developed a primer selection system for one important primer, the turn-back primer (TP), which is commonly used in loop-mediated amplification (LAMP) and smart amplification process (SmartAmp). We chose 78 parameters related to the primer and target sequence, and explored their relationship to amplification speed using experimental data for 1344 primer combinations. We employed the least absolute shrinkage and selection operator (LASSO) method for parameter selection and estimation of their numerical coefficients. The evaluation showed that our approach yields a superior primer design in isothermal amplification and is robust against variations in the experimental setup. Our computer script is freely available at: http://gerg.gsc.riken.jp/TP_optimization/.
INTRODUCTION
Isothermal amplification enables amplification of a small quantity of nucleic acid in a short time without a thermocycling apparatus. Its popularity is rapidly growing and gradually covering different applications such as pathogen detection and SNP genotyping [1] [2] [3] [4] . This is because of several advantages of isothermal amplification, such as easy operation, quick results, cost and energy efficiency, and modest equipment requirements. To achieve DNA amplification at a constant temperature, strand separation is the crucial limiting step. In most cases, the DNA polymerases used in isothermal amplification reactions provide such functionality by their strong strand displacement activity. For this reason, the Pfu, Bst and Aac DNA polymerases are used, for example in rolling circle amplification (RCA) [5] , loop-mediated amplification (LAMP) [3] and smart amplification process (SmartAmp) [4] DNA amplification reactions.
An effective primer design is required for all primerbased methods. Many PCR primer design tools have been developed over the years [6] [7] [8] [9] and are widely used. However, many isothermal DNA amplification technologies have more complex reaction processes and require a finetuned primer design. Often the available primer design tools are not sufficient, with a large and complicated experimental primer screening procedure becoming an essential step to obtain a final primer set.
Turn-back primers (TPs) are prominent examples for primers preferably used for isothermal amplification reactions, and they are in principle able to maintain an amplification reaction without support from other primers (TP-TP system). Therefore we focused on the analysis of TPs and their mode of action in SmartAmp reactions to find the optimal conditions for the use of TPs in isothermal amplification. Optimized TP designs using our parameters were proven effective for LAMP and SmartAmp reactions, having both a higher reaction speed and reduced background amplification from primer dimers.
II. IMPORTANT PARAMETERS FOR TP
To concentrate on the amplification efficacy of the TP as a major primer in SmartAmp and LAMP, we considered an amplification system driven by only two TPs (TP-TP system). An exponential amplification using TP is achieved by combining a turn-back site with an annealing site. The turn-back site is intentionally designed to bind a sequence downstream of the annealing site to form a loop structure (Fig. 1A) . The loop can be formed by either the sense or antisense strand of TP, and is termed the TP loop or cTP loop (complementary TP loop), respectively. Sense TP loop formation allows the annealing site to be exposed for hybridization of new TP (Fig. 1B) , where an extension from this new TP can displace the existing strand. Anti-sense cTP loop formation creates a priming site for DNA extension at the 3'-end (Fig. 1C) . The cTP loop also functions as a structure to keep a single-strand DNA exposed in amplified products, to which a new TP can hybridize and initiate additional primer extension reactions (Fig. 1D) . TP-TP mediated amplification yields a specific amplification product commonly seen after 40 min. However, in most TP-TP-mediated amplification reactions, a template-free amplification is seen after longer incubation times. This 'background amplification' can lead to false positive results, if there is no clear time difference between the specific and the unspecific amplification reactions. To avoid such false positive results, we measured two types of amplification for each primer set: 'target amplification' and 'background amplification', where the target amplification contained a DNA template but the background amplification did not. For creating prediction models for TP, we assumed that the following factors are important for efficient amplification using TP: accessibility for priming, specificity of priming, stability of priming, strand extension efficacy by DNA polymerase, and efficacy of the TP loop formation. These factors were then represented as parameters where in total 78 unique parameters were considered: 68 parameters for target amplification and 28 parameters for background amplification.
We employed LASSO [10] [11] [12] to select significant parameters and to calculate the coefficients that maximize the amplification speed, using a training data set comprising of 24 target regions, 420 TPs, and 1344 TP-TP combinations assayed under the Aac reaction conditions. The most significant parameter for the target amplification was the propensity for the 3'-end of two TPs of the same type to bind to each other. Its coefficient being negative indicates that this type of hybridization is wasteful and reduces the reaction speed. The second most significant parameter was the probability of non-paired state in the first three bases of the TP 5'-end. Its coefficient being positive suggests that a nonpaired structure in the TP 5'-end, which is important in the turn-back event, accelerates the reaction. Two parameters relating to free energy for hybridization to the target template, which is well known to be important in PCR amplification, were in the third and sixth place. The most significant parameter for the background amplification was the free energy of hybridization between the 3'-ends of the forward and reverse TP. Its positive coefficient indicates that this hetero interaction contributes to the background amplification. The second most important parameter for the background was the same as the most important one in the target amplification.
III. EVALUATION IN TP-TP SYSTEM
To evaluate the obtained linear prediction model, we applied it to an independent test set consisting of six target regions with 100 TPs, and 352 TP-TP combinations assayed under the Aac reaction conditions. Predicted and observed reaction speeds were compared for target amplification and background amplification in the absence of a template. The resultant Pearson correlation coefficients (r) were 0.63 (P<10 -39 ) and 0.56 (P<10 -29 ) for target and background amplification, respectively ( Fig. 2A and B) . These values did not vary significantly when trying different settings of training and test data set. Considering the fact that the observed reaction speeds showed some variation among replicates, with Pearson correlations coefficients around 0.9 and 0.8 for target and background amplification, respectively, we conclude that the prediction performs well. Whereas many reactions had a reaction speed predicted to be high but observed to be low (false positives, right bottom side of the Fig. 2A and B) , almost no reactions had a low predicted speed but a high observed reaction speed (false negatives, left top side of the Fig. 2A and B) .
IV. COMPARISON WITH EXISTING TOOL PRIMER
EXPLORER VERSION 4 Two major primers in LAMP, inner primers (IPs), have the same features as the TP in SmartAmp. Primer explorer version 4 (PE4), a designing tool for LAMP primer sets, is available online (https://primerexplorer.jp/lamp4.0.0/). Although PE4 does not use scores to predict primers, it allows for selection of primers based on user-defined conditions. To compare our predictions with PE4 predictions, we used the default settings in PE4. We examined two target regions, in which eight forward and eight reverse TPs were selected per target (in total two times 64 assays). Since SmartAmp and LAMP originally employ different DNA polymerases and buffer conditions, we compared them in both the Aac (SmartAmp) and the Bst (LAMP) experimental setups. The difference between the observed target and the observed background amplification speed was calculated as an evaluation score in this comparison.
Our predictions performed significantly better under the Aac conditions (P<10 -10 , Wilcoxon rank sum test) (Fig. 3A) than TP designed by PE4. Under the Bst conditions, the overall performance of our prediction and PE4 were virtually the same (P=0.77, Wilcoxon rank sum test; Fig. 3B ). Hence, our prediction performed well regardless of the DNA polymerase and buffer conditions used. This implies that the performance of our prediction method is robust with respect to changes in the experimental setup, suggesting that the importance of TP features is independent of the specific amplification conditions. Hence our model may be widely used where TP are applied for isothermal DNA amplification.
